The visual acuity and refractive state of the American kestrel (Falco sparverius)  by Gaffney, Matthew F. & Hodos, William
Vision Research 43 (2003) 2053–2059
www.elsevier.com/locate/visresThe visual acuity and refractive state of the American kestrel
(Falco sparverius)
Matthew F. Gaﬀney, William Hodos *
Department of Psychology, University of Maryland, College Park, MD 20742-4411, USA
Received 28 May 2002; received in revised form 15 April 2003Abstract
The pattern electroretinogram (PERG) was used to measure the visual acuity and refractive state of nine American kestrels (Falco
sparverius). Visual acuity was determined from psychometric functions of PERG amplitude vs. spatial frequency. Refractive state
was measured by ﬁnding the trial lens that resulted in the highest acuity. All nine kestrels were found to be emmetropic. Their
median visual acuity was 29 c/deg. The PERG, however, underestimates behaviorally determined visual acuity by approximately
37%. When adjusted for this underestimation, the median kestrel acuity was 46 c/deg. The visual acuity of American kestrels is
compared to reports in the literature of 17 other species of birds.
 2003 Elsevier Ltd. All rights reserved.
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Birds are the most visually dependent class of verte-
brates. They use their vision for prey and predator de-
tection, prey pursuit, food recognition, avoiding
obstacles while ﬂying, precise control of beak and foot
movement, courtship, nest construction, parental care,
and other important behaviors. Because birds need to be
able to see obstacles and food items, often from a dis-
tance, visual acuity is important for avian survival. For
raptors, which frequently pursue and capture moving
prey, sometimes spotting it from a great height or dis-
tance, high acuity is especially important.
Several optical and retinal factors aﬀect visual acuity.
Among the optical variables are the diameter of the
pupil, ametropia, which limits high spatial frequencies,
and the posterior nodal distance, which aﬀects both
retinal illumination and the size of the retinal image.
Among the retinal factors aﬀecting acuity are the density
of photoreceptors and retinal ganglion cells, and their
ratio.
In raptors, the foveae are convexiclivate and deep,
with a spherical pit (Fite & Rosenﬁeld-Wessels, 1975;* Corresponding author. Tel.: +1-301-405-5875; fax: +1-301-314-
9566.
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(1975) found a strong correlation between a clearly
convexiclivate fovea and predation which involves the
capture of moving prey. Snyder and Miller (1978) pro-
posed that the spherical pit of the fovea acts as the
negative element in a telephoto lens system to provide a
magniﬁed image. Based on this model, Hirsch (1982)
calculated the magniﬁcation factor for the kestrel.
However, Dvorak, Mark, and Reymond (1983) and
Martin (1986) argue that no foveal magniﬁcation factor
need be supposed, because the visual resolution of the
falcon and eagle can be explained in a straightforward
manner based on retinal densities. Martin (1986) pro-
posed that the purpose of the convexiclivate fovea may
be to reduce light scattering by the radial displacement
of neural layers of the retina.
Raptors have two foveae in each eye, one centrally
located and used for the lateral, monocular ﬁeld, the
other temporally located and used for vision in the
frontal, binocular ﬁeld (Fite & Lister, 1981). The tem-
poral fovea is shallower and broader than the central
fovea (Fite & Lister, 1981) and it has a lower density of
both photoreceptors and ganglion cells (Fite & Rosen-
ﬁeld-Wessels, 1975). In the American kestrel, for ex-
ample, the average number of receptors/visual degree in
the central fovea was 8300, compared to 7700 in the
temporal fovea, while the ganglion cell count/visual
2054 M.F. Gaﬀney, W. Hodos / Vision Research 43 (2003) 2053–2059degree was 3000 in the central fovea and only 700 in the
temporal. Aside from birds, the only other vertebrates
for whom double foveae have been reported are several
species of Anolis lizards, which also capture live prey
primarily through visual guidance; these, too, have
much higher densities of both photoreceptors and gan-
glion cells in the central fovea than in the temporal fovea
(Fite & Lister, 1981).
The acuities for the birds of prey so far reported are
high (see Table 3 below). There are many reasons to
think that raptors would have extraordinary visual
acuity based on optical and retinal factors. Raptors have
large tubular eyes, which creates a large retinal image
(G€unt€urk€un, 2000). They have many, closely spaced
photoreceptors, which give them excellent visual reso-
lution (Hirsch, 1982; Reymond, 1987). They also have
two foveae in each eye which have ganglion cell densities
up to 65,000/mm2, compared to 38,000/mm2 in humans
(G€unt€urk€un, 2000).
Previous behavioral studies on the visual acuity of the
American kestrel have yielded conﬂicting results. A
study by Fox, Lehmkuhle, and Westendorf (1976) re-
ported an acuity of 160 c/deg (higher than that of any
other recorded species of birds or mammals), while a
later study by Hirsch (1982) reported their acuity to be
approximately 40 c/deg, comparable to human vision
measured in the same apparatus. Each of these studies,
however, only reported data on a single subject. The
present study diﬀers from the other two in that multiple
subjects (n ¼ 9) and electrophysiological methods,
which require no behavioral training, were used to de-
termine the kestrels visual acuity.2. Methods
2.1. Subjects
The subjects for the study were nine, captive-born,
American kestrels obtained from a colony at Patuxent
Wildlife Research Center in Laurel, MD. The birds
ranged in age from one to ten years old. Five females
and four males were used in the study.
2.2. Procedure
Each kestrel was anesthetized with 325–350 mg/kg of
20% chloral hydrate, given by intramuscular injection in
the thigh muscle. When the bird was anesthetized, 0.2 ml
of vecuronium bromide was administered to the right
eye over a 20–30 min period to dilate the pupil and
paralyze accommodation. The pupil was dilated in order
to allow the maximum amount of light to enter the eye,
and accommodation paralyzed to ensure that the cor-
rective lens was the only accommodative source. EMLA
brand anesthetic cream (lidocaine 2.5% and prilocaine2.5%) was applied to the ear canal. The birds head was
ﬁxed in a stereotaxic apparatus. An ophthalmoscopic
examination revealed clear ocular media in all cases.
2.3. PERG recording
The PERG was recorded from the right cornea. A
platinum electrode was inserted through the lower eye-
lid, which is the larger of the two lids, in contact with the
corneal surface. The weight of the electrode, supple-
mented with a very small amount of modeling clay, was
suﬃcient to drop the lower lid just below the pupil so
that the electrode barely contacted the surface of the
cornea. The entire pupil thus was exposed to the stim-
ulus display monitor. An electrode inserted in the lower
left eyelid, in contact with the cornea, was used as a
reference electrode. The left eye was covered with a
black patch throughout the procedure. A third electrode
inserted subcutaneously in the scalp served as a ground.
The center of the pupil of the right eye was aligned with
the center of the ENFANTs stimulus display monitor,
which was 37 wide by 28 high, and which had an av-
erage luminance of 93 cd/m2. The distance from the
cornea to the monitor was 62 cm. The ampliﬁer was a
Neuroscientiﬁc AMP 800 ampliﬁer with a gain of 10,000
and cutoﬀ frequencies of 0.5 and 100 Hz. Amplitudes
were measured peak to trough. The PERGs were re-
corded and analyzed using the Neuroscientiﬁc EN-
FANT system, which combines stimulus presentation,
recording, averaging, Fourier ﬁltering, regression, and
other analytical tools.
Square-wave gratings at 96% contrast were sine-wave
phase reversed at 7.5 Hz in sweeps of decreasing spatial
frequency until 896 sweeps (reversals) had been aver-
aged at each spatial frequency. The spatial frequencies
used were 0.0, 1.22, 1.63, 2.44, 3.25, 3.91, 4.88, 6.51,
9.76, and 19.53 c/deg. The zero Hz measurements, dur-
ing which the screen was a luminance-matched blank,
were used to determine the level of physiological and
instrument noise. A psychometric function of PERG
amplitude vs. spatial frequency was used to determine
visual acuity. A linear regression line plotted though the
data was extrapolated to the noise level. The spatial
frequency of the intercept of the regression line with the
noise level was taken as the measure of acuity. Only data
points that showed phase lag standard deviation of less
than ±45 were included in the psychometric function.
Typically, the great majority of phase lag variation was
less than ±20. Only psychometric functions in which all
data points fell within the 95% conﬁdence limit of the
regression line were used for estimating visual acuity.
2.4. Refractive state measurement
Optometric trial lenses of various powers, in 0.25 D
increments, were inserted 10–15 mm from the cornea
M.F. Gaﬀney, W. Hodos / Vision Research 43 (2003) 2053–2059 2055prior to collecting psychometric functions to correct for
the 62-cm distance from the stimulus to the cornea and
to determine each kestrels refractive state. Visual acuity
was measured with a variety of plus and minus trial
lenses. The lens that resulted in the highest acuity during
the refraction test was placed in position during the ﬁnal
acuity measurements. The refractive state was deter-
mined from the power of the lens that resulted in the
highest acuity minus the 1.6 D correction for the dis-
tance from the cornea to the monitor.Fig. 2. Visual acuity for a single American kestrel during a single
session as a function of lens power. Lens power is the power of the
optometric trial lens placed in front of the subjects eye minus 1.6 D,
which was required to correct for the viewing distance.2.5. Animal welfare
This research was conducted under an approved
protocol from the University of Maryland, College Park
Institutional Animal Care and Use Committee operat-
ing under animal care and use guidelines established by
the US National Institutes of Health.3. Results
3.1. PERG recordings
Fig. 1 presents a sample of PERG recordings at four
spatial frequencies and during the noise condition. Each
recording represents the average of 896 pattern reversalsFig. 1. Typical PERG recordings from a single American kestrel
during a single recording session at four spatial frequencies and noise
(both eyes occluded). Each recording is the average of 896 reversals
and has been Fourier ﬁltered with a variable, low-pass ﬁlter set at 26.5
Hz.that were Fourier ﬁltered with a variable, low-pass ﬁlter
set at 26.5 Hz. The PERG amplitude shows a systematic
decrease with increasing spatial frequency.
3.2. Refractive state measurements
A typical refractive plot is shown in Fig. 2. The ﬁgure
shows visual acuity as a function of lens power minus
the 1.6 diopter correction for the distance from the
stimulus display monitor to the cornea. In all cases, one
trial lens was found to result in markedly better acuity
than the others. The power of this lens (minus 1.6 D)
was considered to represent the refractive state of the
subject.
The results indicated that no optical correction be-
yond that required for the distance from the cornea to
the stimulus display monitor was required for any of the
kestrels; i.e., all of the subjects were emmetropic.
3.3. Visual acuity measurements
Fig. 3 shows three PERG psychometric functions
collected with the best lens; one for the kestrel with the
highest acuity, one for the kestrel with the lowest acuity;
and one for a kestrel with intermediate acuity. The range
of acuities was from 45 to 25 c/deg. The mean acuity of
the nine kestrels was 31.4 ± 2.00 S.E.M. c/deg. The me-
dian acuity, which is a more representative measure of
average acuity due to the skewed distribution of acuities
(see Fig. 4), was 29 c/deg. No signiﬁcant diﬀerence
between males and females was found. A Spearman
rank-diﬀerence correlation between visual acuity and
age indicated a correlation of )0.61, p < 0:08.
Table 1 presents the individual data. Because PERG-
derived acuities tend to underestimate behaviorally-
derived acuities by approximately 37% (Hodos, Ghim,
Fig. 3. PERG amplitude as a function of spatial frequency for three
American kestrels. The horizontal broken lines indicate the noise level.
All data points within each plot are within the 95% conﬁdence interval
of the regression line. Visual acuity was estimated from the intersection
of the regression line with the noise level.
Fig. 4. A frequency distribution of visual acuity adjusted to compen-
sate for the underestimate of behavioral acuity by PERG acuity (see
text for explanation). The asterisk indicates the behaviorally deter-
mined acuity of a single American kestrel by Hirsch (1982).
Table 1
Visual acuity of nine American kestrels
Kestrel
number
Sex Age
(years)
Acuity
(c/deg)
Adjusted acuity
(c/deg)
0294 Male 10 25 39.7
141 Female 3 29 46.0
149 Female 1 35 55.5
046 Male 1 28 44.4
150 Female 1.5 29 46.0
049 Female 1.5 45 71.4
050 Female 1.5 31 49.2
146 Male 1 34 54.0
0336 Male 9 27 42.9
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acuity data that were adjusted to compensate for this
underestimate.
The adjusted acuities are summarized in a frequency
histogram in Fig. 4. The ﬁgure shows that the adjusted
acuities are clustered around the 40–49 c/deg range and
one outlier with an acuity of 71.4 c/deg. The median
adjusted acuity was 46 c/deg.4. Discussion
All of the kestrels in this study were found to be
emmetropic. This ﬁnding is consistent with the report of
Murphy, Howland, and Howland (1995) for a variety of
raptors.
Of the nine subjects in this study, six were 1.0–1.5
years old, and the remaining three were 3, 9, and 10
years old at the time of study. This distribution of ages
gave us an opportunity to examine the relationship be-
tween age and visual acuity. A Spearman rank-diﬀerence
correlation indicated a correlation of )0.61, p < 0:08.
Although the number of cases was insuﬃcient to rep-
resent a robust study of age-dependent changes in acuity
in our sample of American kestrels, the results are
nonetheless suggestive of an eﬀect that is consistent with
data from the literature of birds and humans. Age-
dependent losses in visual acuity have been reported in
pigeons (Hodos, Miller, & Fite, 1991; Hodos et al., 1991,
Porciatti, Hodos, Signorini, & Bramanti, 1991), Japa-
nese quail (Hodos et al., 1991), and in humans (Weale,
1982).
The median acuity using the PERG method reported
here was 29 c/deg, which is lower than both of the pre-
viously reported behavioral acuities for the American
kestrel (Fox et al., 1976; Hirsch, 1982), could be the
result of diﬀerences between the behavioral method of
acuity measurement, which is binocular and the PERG
method, which is monocular. A major diﬀerence be-
tween behavioral studies of visual acuity and electro-
physiological studies is that electrophysiological data
typically are collected from a single eye, whereas in be-
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detect the stimulus. The theory of binocular summation
(Campbell & Green, 1965) predicts that two eyes will
have a better acuity than one eye by a diﬀerence equal to
1.4. Thus the behavioral (binocular) acuity should ex-
ceed PERG (monocular) acuity by a factor of 1.4 or
41%. Porciatti, Fontanesi, and Bagnoli (1989) and
Porciatti, Fontanesi, Raﬀaelli, and Bagnoli (1990)
compared binocular and monocular visual acuity in
owls using a visual evoked potential method and found
that the binocular acuity was superior to monocular
acuity by approximately 37%. Likewise, Hodos et al.
(2002) reported a behavioral (binocular) advantage over
PERG (monocular) acuity of 37% in data collected from
the same subjects (pigeons). Peachy and Sieple (1987)
performed a similar experiment in humans and a similar
PERG-behavioral diﬀerence in acuity may be seen in
their data. Whether the diﬀerence between behavioral
and electrophysiological acuities is due to binocular
summation or some other variable(s), a consistent dif-
ference exists and must be taken into account when
comparing data collected by the two methods.
In order to determine the comparable behavioral
acuity for our electrophysiologically determined acuity,
a 37% adjustment was made to compensate for the
PERG underestimation of behavioral acuity. The ad-
justed median acuity for American kestrels of 46 c/deg is
consistent with the acuity of 40 c/deg of the single sub-
ject reported by Hirsch (1982), whose data fall at the
lower end of our data distribution.
Fox et al. (1976) reported an acuity of 160 c/deg,
which they interpreted to mean that a kestrel could
easily detect a target of 2 mm from a height of 18 m,
assuming that a stimulus that is twice the threshold is
easy to detect. This level of ability seems to be far in
excess of the needs of these birds in the wild. According
to the data of Balgooyen (1976), American kestrels have
a minimum strike distance (distance to target prey) of 34
m, and maximum strike distance of 275 m when hunting
from a perch. When hunting from a hover, the kestrels
strike distance varies 12.2–24.4 m. Table 2 presents the
minimum visible target size at these three distances
based on our median adjusted acuity of 46 c/deg.Table 2
Minimum visible target sizes (based on adjusted acuity in Table 1) at
various foraging distances
Foraging
distance (m)a
Minimum visible
target size (cm)
Strike distance
from a perch
Minimum 34 0.64
Maximum 275 5.22
Strike distance
from a hover
Minimum 12.2 0.23
Maximum 24.4 0.46
aData from Balgooyen (1976).Using the minimum visible target sizes in Table 2 and
assuming that the smallest practical prey size will be
about twice threshold, the smallest prey attacked should
range from about 0.46 cm (minimum distance from a
hover) to about 10.44 cm (maximum distance from a
perch). For example, at the maximum strike distance of
275 m, a 10 cm meadow vole (Microtus pennsylvanicus)
would be about twice the threshold. However, at the
minimum strike distance of 34 m, a target of 1.28 cm
would be twice the threshold, which is reasonable for the
insect prey that make up much of the kestrels diet
(Balgooyen, 1976). Thus, the visual acuity of American
kestrels based on our data appears to be consistent with
the needs of this species in hunting its typical diet of
small mammals, insects, and reptiles.
The Fox et al. result is also diﬃcult to accept on
optical and retinal grounds. The kestrel has a posterior
nodal distance (PND) of about 9 mm (Hirsch, 1982),
only about half that of humans, yet according to Fox
et al., its acuity surpasses that of the wedge-tailed eagle
(Aquila audax), which has a PND of 22.6 mm (Rey-
mond, 1985). Other things being equal, a longer PND
will result in a larger retinal-image size. In addition, the
center to center photoreceptor spacing of 1.6 lm of the
wedge-tailed eagle is less than that of the 2 lm of
the kestrel (Hirsch, 1982; Reymond, 1985). Both of these
factors should result in higher acuity for the eagle than
the kestrel. Hirsch (1982) has calculated that the Ny-
quist limit for the kestrels eye, estimated from the focal
length of the eye, photoreceptor spacing, pupil diameter,
and an estimated magniﬁcation factor of 1.33, is about
61 c/deg. The visual acuity of the best of our kestrels,
when adjusted for the PERG underestimate of acuity,
was 71.4 c/deg, which is somewhat higher than Hirschs
calculated resolution limit. Finally, a methodological
ﬂaw in Fox et al.s apparatus could account for their
acuity overestimation; i.e., the stimulus remained in view
after the kestrel left the observation perch on route to
the stimulus perches, which could have allowed the
kestrel to get closer to the stimulus choices before
making its decision as to which stimulus to select. A
better design, such as Hirschs, would have been to re-
move the stimulus as soon as the bird left the observa-
tion perch. For these reasons and because of its
consistency with our data, Hirschs result is the more
credible. Unfortunately, her sample size, like Fox et al.s,
consisted of only one individual.
Table 3 presents a summary of visual acuity data and
estimates on 18 species of birds including the data re-
ported here for American kestrels. Our visual acuity
data for American kestrels, while below that of other
raptors, is nevertheless high compared to other avian
species, including passerine birds, and surpasses the
acuity of many non-primate mammals. Moreover, it is
consistent with the visual requirements of the animals
life in its natural environment.
Table 3
Visual acuities of 18 bird species
Species Acuity (c/deg) Reference
Little owl (Athene noctua) 6 Porciatti, Fontanesi, and Bagnoli (1989) and Porciatti et al. (1990)
Quail (Coturnix coturnix japonica) 6.8 Hodos, Miller, and Fite (1991) and Hodos et al. (1991)
Great Horned owl (Bubo virginianus) 6–7.5 Fite (1973)
Domestic chick (Gallus domesticus) 8 days 7.7–8.6 Schmid and Wildsoet (1998)
Tawny owl (Strix aluco) 8 Martin and Gordon (1974)
Barn owl (Tyto alba) 8a Wathey and Pettigrew (1989)
Blue Jay (Cyanocitta cristata) 15–19 Fite and Rosenﬁeld-Wessels (1975)
Pigeon (Columba livia) 18 Porciatti et al. (1991)
Sacred kingﬁsher (Halcyon sancta) 26a Moroney and Pettigrew (1987)
Rook (Corvus frugilegus) 30 Dazbrowska (1975)
Jay (Garrulus glandarius) (n ¼ 1) 30 Dazbrowska (1975)
Jackdaw (Coloeus monedula) 30–33 Dazbrowska (1975)
Magpie (Pica pica) 30–33 Dazbrowska (1975)
Laughing kookaburra (Dalceo gigas) 41a Moroney and Pettigrew (1987)
American kestrel (Falco sparverius) (n ¼ 1) 40 Hirsch (1982)
American kestrel (Falco sparverius) (n ¼ 1) 160 Fox et al. (1976)
American kestrel (Falco sparverius) (n ¼ 9) 39.7–71.4 Gaﬀney and Hodos, present report
Brown falcon (Falco berigora) (n ¼ 1) 73 Reymond (1987)
African serpent eagle (Dryotriorchus spectabilis) (n ¼ 1) 120b Schlaer (1972)
Wedge-tailed eagle (Aquila audax) (n ¼ 1) 132–143 Reymond (1985)
a Estimated from retinal cell densities.
b Estimated from optical measurements.
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